Abstract-The present work aim to evaluate image reconstruction algorithms for Digital Breast Tomosynthesis. Simulated data was used to perform and assess the 3D reconstruction. The images were acquired in a Monte Carlo platform and using an analytical phantom. The reconstruction step was performed, implementing Filtered Back Projection (FBP), Maximum-Likelihood Expectation-Maximization (ML-EM) and Algebraic Reconstruction Technique (ART). Comparable results were obtained by the three algorithms. The FBP algorithm presented more blurring images than the ML-EM and ART algorithms. However, it was the one more capable to localize the structures on the 3D space, including the smallest details. The results of the 3D reconstruction allow the discrimination even of very small structures which could not be differentiated on the simple projections that result from the simulations. This indicates that the accuracy of Digital Breast Tomosynthesis can be better than the Mammography.
I. CONTEXT
Breast cancer is a deadly disease and one of the types with higher incidence. In Portugal, cancer is among the three leading causes of death, with a progressive increase in the number of cases. It is estimated that one in eleven women will be diagnosed breast cancer. This makes the screening and the effective diagnostic essential to improve the chances of a successful treatment [1] [2] [3] [4] [5] . Nowadays, Mammography is the gold standard for breast cancer screening and diagnostic, since it has high sensitivity and high specificity (60.0% to 86.8% and 68.5% to 98.6%, respectively) at low cost [6] [7] [8] [9] . Nevertheless, the 3D anatomical information is projected into a 2D image plane and this causes some problems such as overlapping tissue, loss of sensibility and specificity between tissues. This can mask a tumor or show a false-positive that will result on a recall. The possibility of 3D reconstruction of mammograms can solve these problems: it increases sensibility and specificity, allowing a better distinction between malignant and benign tissue; it allows the 3D visualization without overlapping tissues; it reduces the recalls, its costs and the psychological burden for the women; and it allows the assessment of shape, size and location of a lesion. The recent emerged technique that allows this is the Digital Breast Tomosynthesis (DBT) and it appears as an improvement to the Mammography [1, [10] [11] .
However, the lower number of projections and the limited angle of taken views make the 3D reconstruction an arduous task to improve the DBT accuracy, sensitivity and specificity. In order to improve these features, different types of reconstruction methods have been explored. Wu et al. [12] gives a thorough evaluation of tomosynthesis using maximumlikelihood expectation-maximization (ML-EM) algorithm. The visibility of structures is improved on tomosynthesis comparing with Mammography, but these results required 2 hours of computation time. Sompel et al. [13] used ML reconstruction algorithm simultaneously with a segmentation method. The resulting algorithm appears promising considering the edge preservation and the noise suppression, but it fails the reconstruction of small structures of the phantom. Chen et al. [14] compared the performance of four techniques on DBT. SAA, Niklason algorithm, filtered back projection (FBP) and matrix inversion tomosynthesis (MITS) algorithms were compared analyzing the sharpness of the reconstructed structures and the effectiveness at removing the blur. MITS and FBP were superior to SAA and Niklason algorithms for removal of out-of-plan blur. Afterward, Chen et al. [15] studied four algorithms: 1) MITS blended with SAA; 2) FBP; 3) FBP with applied Hamming and Gaussian filters, and 4) Gaussian Frequency Blending (GFB) of MITS and FBP. FBP with Hamming and Gaussian filter reduced the high frequency noise, but introduced blur to the margins of microcalcifications. GFB kept the good performance for low frequency content from FBP and the good performance for high frequency content from MITS. Zhou et al. [16] investigated the EM, simultaneous algebraic reconstruction technique (SART) and BP. The results showed that EM was superior to SART, and both had a significantly higher performance than BP method. Zhang et al. [17] compared three methods for breast tomosynthesis using phantoms: the BP method, the SART technique and the ML with the convex algorithm (ML-convex). For phantoms with homogeneous background, the BP presented smooth images with low background noise, while SART and ML-convex amplified the noise, but enhanced the contrast and edges of the features. For a contrast-detail phantom, the BP method evidenced blurring artifacts, while the SART and the ML-convex can improve the object distinction by removing the overlapping structures. Zhang et al. concluded that all methods can reconstruct the breast structures in their correct plans and remove the overlapping tissues. Sidky et al. [18] developed an iterative algorithm based on image total variation (TV) minimization.
The new algorithm, the total p-norm variation (TpV) algorithm, was compared with the previous TV algorithm and with ML-EM. According to the authors the TpV improves substantially the efficiency when compared with the TV method. When TpV is compared with the ML-EM, it does not present improvements on the image quality, in particular for masses.
Nevertheless these algorithms are not totally developed neither optimized. The aim of the present project is the implementation and the assessment of three image reconstruction algorithms.
II. GOALS
This project emerges in order to compare the performance of different algorithms applied on DBT. With this aim, simulated data will be used to perform and assess the 3D reconstruction. The Monte Carlo methods are an important tool in the reconstruction methods assessment, since we only can correctly assess an algorithm performance with the complete knowledge of the original object form and nature that allows the comparison between that object and the resultant 3D image.
A. Monte Carlo Simulations
The simulations were performed on a platform of simulation based on Monte Carlo methods, GATE, using an analytical phantom.
B. 3D medical image reconstruction
Three different reconstruction methods were chosen to perform the 3D image reconstruction in the simulated data. These algorithms are representative methods for limited angle tomography and they were selected as they are of different categories. Filtered back projection (FBP), the maximumlikelihood expectation-maximization (ML-EM) and the algebraic reconstruction technique (ART) were the preferred algorithms and they are an example of an analytical, a statistical and an iterative method, respectively.
III. METHODS

A. Monte Carlo Simulations
The elements which characterize the mammographic acquisition are introduced on GATE as realistic as possible. The main constituents to be described are the hardware of the mammographic unit and the phantom to represent the breast volume. The several aspects considered in their description are described on the following tables (Table I and II) .
The Siemens MAMMOMAT Inspiration is the digital Mammography unit chosen to reproduce on the simulation platform, because its features are similar to those required to perform a breast tomosynthesis exam. MAMMOMAT Inspiration is a digital direct device; it has a gantry that rotates up in a range from -25 to +25 degrees; it has an X-ray tube that rotates up to +/-180 degrees; it is highly precise on the rotation control of the tube; and it enables fast and successive images acquisition by the detector. The correspondence between technical specifications of MAMMOMAT Inspiration and the parameters introduced on GATE CTscanner can be seen in Table I. On the DBT device, the trajectories of the photons are not parallel between them: the beam is composed by photons that are emitted along a polar angle from 0 to 20 degrees, performing an azimuth angle of 180 degrees. The virtual beam geometry was defined with these values. Table II presents the parameters that define the architecture of this simulation system. Various objects were introduced in the phantom (Fig. 1 ) to cause variations in the attenuation coefficients that allows a better assessment of the reconstruction methods performance. The architecture of this system allows the creation of eleven images of the same object from different angles, composed by 240×300 pixels.
B. 3D medical image reconstruction
A way to estimate the attenuation coefficient distribution along the body, is constructing a system matrix. This matrix is an estimative to the form how each voxel contributes for the beam attenuation. It is the model of the photon transmission process.
The process of image reconstruction must be accordant to the particular geometry of the system of the DBT. The plan detector and the geometry of the beam must to be considered. As the system matrix was constructed accordantly with this specific geometry, the calculation must to be done for each angle of x-ray tube rotation. The system matrix, A, represents the whole volume which is subdivided into V voxels v, (1 v V), whose linear attenuation coefficient, x v , will be estimated. To each image pixel, p (1 p P), corresponds a straight segment that distances from this pixel to the x-ray source. The probability of a voxel attenuate the photons is estimated accordantly to the length of the straight segment within the voxel. Every voxel that is crossed by the straight segment contributes to the attenuation of the photons that reach the detector pixel. The resultant system matrix, A, is a 2D V × P matrix for each projection.
The multiplication of the system matrix by the detected image, y p , for each projection, returns an estimate for the volume to be reconstructed x v , as showed by equation 1. [ ]
The system model defined for the breast tomosynthesis is the basis to allow the implementation of next algorithms. Independently of the algorithm, the back projection of a planar image is an important step and it is present in all of them. The process of back projection can be described by equation 2, where x v is the estimated value for the voxel v, a vp is the system matrix value for the combination of the voxel v with the pixel p and y p is the pixel value in the projected image.
The simple back projection algorithm alone presents blurring images. The way to eliminate this artifact is to apply a filter in the measured images. This method, where the back projection is applied to filtered images, is known as filtered back projection algorithm (FBP). The FBP method can be expressed by equation 3, where H is the filter operator.
The successive noise addition from the data will be avoided with a previous image filtration. A low-pass filter that uses the neighbourhood statistics to estimate the local image value was chosen.
The algebraic reconstruction technique (ART) consists of describing the value of each voxel and correct it every iteration, by comparing the measured image with the image estimated from the reconstructed volume of the last iteration, so as to minimize the error between the estimated images and the original measured projections to every point. Equation 4 aims to describe the algebraic reconstruction method. The x v (k+1) (k is the iteration number and k=1, 2, …) is the new estimative for the voxel v and x v (k) is the old estimative for the same voxel.
Ȝ is the relaxation parameter and equal to 0.05 [19] . Other values for Ȝ, between 0 and 1, were tested. Values above 0.05 resulted on worst images and values below it did not result on better images.
The ML-EM is a statistical algorithm that involves an iterative process to estimate the final values of the reconstructed volume. The current estimate value for the voxel v results from an update of the last estimate value. This update is done using the ratio between the original data and the forward projection of the last volume estimate (equation 5). The process comes to a stop when the maximum likelihood solution is found; this is when the estimated volume is the most likely.
The volume estimate begins with a uniform definition for the whole volume. This estimative is updated in each iteration by the multiplication of the last estimative by the back projection of the comparison between the original data and the estimated projection of the last volume.
IV. RESULTS
A. Monte Carlo Simulations
The cylindrical phantom used has various details, since the simulated images will be used to perform the 3D image reconstruction. The acquisition was done around an arc of 50 degrees each 5 degrees, in a total of 11 images taken. Part of the results of this model are shown in Fig. 2 .
B. 3D medical image reconstruction
The phantom simulated images were used to perform the image reconstruction. The goal is to reconstruct the whole phantom volume from the projected images. To perform it, FBP, ART and ML-EM were the methods used.
In the reconstruction process, the whole volume estimated has 240 × 300 × 50 voxels of 1 × 1 × 1 mm. The volume is shown on slices of 240 × 300 × 1 voxels, but not all of the 50 slices will be presented, for sake of simplification. 4 slices were selected and are the same for the three algorithms, to allow the comparison between them. The plan with the lowest z value is the nearest plan from the detector. 4 of the 50 transversal slices of the estimated volume resultant from the FBP process are shown in Fig. 3 . The same volume plans relative to the ART algorithm are presented on Fig. 4 . The last image is relative to the ML-EM methods (Fig. 5) . Figure 2 . Results of the simulation using the model described in Table II . Only are showed 6 of the 11 images taken (to each 5 degrees performing an arc of 50 degrees). The contrast-to-noise ratio (CNR) is important to evaluate the algorithm capability to differentiate the details in the image. The CNR was calculated based in equation (6) . The results of CNR are presented in Table III . S bg is the background signal, S obj is the object signal and ı bg is the root mean square value of the background signal. The artifact spread function (ASF) describes the artifact extension along the z axis. In the equation (7) S bg is the background signal, S artif is the artifact signal, S bg (z 0 ) is the background signal on the object plan and S ob j(z 0 ) is the object signal on the object plan. The comparison between the three algorithms for the cylinder region is showed on Fig. 6 .
The fulfilment time is important to evaluate the time performance of the different algorithms. An algorithm can lose its interest if its runtime delays the normal workflow of a service. The workstation where the calculations were done is an Intel Core Duo E8400 @3.00GHz CPU and 1.96GB of RAM memory. Table IV shows the duration, in seconds, of each reconstruction method.
V. DISCUTION
A. Monte Carlo Simulations
The objective of the Monte Carlo experiment was to acquire simulated images of DBT for the 3D reconstruction step and that was successfully completed. The different materials used and theirs variable forms and size allow a better analysis of the 3D image reconstruction. In the simulated data, the ellipsoid is perfectly discriminated from the breast material that defines the major phantom. The cylinders can also be visible from the background, although not so easily. Moreover, the material that defines the cylinders (Silicon) is denser than the material that defines the ellipsoid and the spheres (Weddellite). Although the reasonable results for the bigger details, it is difficult to differentiate the smaller ones, the spheres, from the other structures. Their dimensions allied to the density of the material do not allow theirs distinction. Moreover, the smallest spheres have 1 mm of radius and the detector resolution is 1×1 mm. This can be an important point to the comparison between these projected data and the reconstructed volume. 
Contrast-to-noise ratio
B. 3D medical image reconstruction
The iterative methods, the ML-EM and the ART, took 3 iterations to get the final results. The blur and the artifact spread did not change with the increase of the number of iterations. That was concluded by visual comparison between the results. One first superficial and visual comparison between the three algorithms, having the original volume on mind, leads us to think that the ML-EM and ART give better results than the FBP method, since the contrast of the last seems to be slightly worst.
The details can be discriminated from the background with the results from the three algorithms. The ellipsoid is the biggest detail defined in the phantom. Its existence can be seen in each plan of the volumes reconstructed on the three different manners. Its dimension suggests that it is larger than the simulated object. This is a known effect that results from the object distance to the detector, when the beam rays are not parallel between them. Almost all the structures are well perceptible as theirs geometries and dimensions. Just the smallest spheres (1 millimetre) are not always well discriminated in the images, but they can also contribute to the variation in the grey level that is registered on the region where the spheres are localized.
With the FBP algorithm, in the initial slices the cylinder phantom has a slight deformation, seeming somewhat oval. This effect was expected from the beginning because it is characteristic of the tomosynthesis technique. It results from the utilization of a restricted angle to perform the projection acquisition. In opposition, the ML-EM and the ART algorithms do not present this artifact, which can denote that the performance of the iterative algorithms can be better in limitedangle cases, comparing to FBP.
The three algorithms present artifacts on theirs slices, by viewing unsharpness objects out of their plans. The artifacts results from the spread of the structures signal along the slices.
The FBP method generates more smoothed images than the other techniques. This smoothing arises from the filter application on the measured images in the beginning of the reconstruction process.
In all the methods the images present a grid artifact. This is a consequence of an imperfection on the system matrix calculation. The contribution of the voxels in which the rays intersect them by the sides and not by the top, was not considered. This is not a consequence of the algorithm implementation or the images utilized.
One of the indicators measured was the contrast-to-noise ratio. By the analysis of Table III , the algorithms present a similar CNR for the larger detail, the ellipsoid. However the FBP method presents a worst CNR values for the sphere and the cylinder than the other algorithms. This confirms the visual analysis done above.
Comparing the ASF graph, the similarity between the results from the ML-EM and the ART algorithms is notorious. These methods present an analogous behaviour on the artifact spread. On the cylinder case, the three algorithms present values of ASF that are increasing with the proximity to the cylinder plan. Only the FBP algorithm evidenced the cylinders better in slices above than in slices below. The sharp variation on the signal can interfere on the ASF measurements. The irregular behaviour of the artifact spread function is resultant from the grid presented on the images.
Making a comparison between the runtime for the three methods, the ML-EM and ART algorithms present similar runtimes and the FBP present the highest value. This was not expected, since the ML-EM and ART are iterative methods which should take more time of execution. However, the number of iterations performed is low: 3 in both cases; and the FBP algorithm has one calculation more, which is the filtration step. Anyway, these differences are not significant, as the number of iterations should increase when images of higher resolution were used. The runtime of an algorithm, in spite of being comparatively significant, it cannot be a reason to disregard it, if it does not delay the normal workflow of a service.
VI. CONCLUSIONS
The Monte Carlo simulation was the used method to create the simulated data. The simulated images are the best form to perform an evaluation of a reconstruction technique, since the original volume is well known and it can be compared with the reconstructed volume. Different structures were introduced on a phantom to assess the algorithms behaviour when there are signal variations in the image.
The three algorithms, which seem to have never been compared before for breast tomosynthesis, presented similar results. The details in the phantom can be distinguished from the background by the implementations of any one of the three algorithms. The results of the 3D image reconstruction allow the discrimination of smaller structures, the spheres which could not be differentiated on the simple projections that result from the simulations. This indicates that the accuracy of Digital Breast Tomosynthesis can be superior to Mammography.
The FBP algorithm presented more blurring images than the ML-EM and ART algorithms. However, it was the more capable one localizing the structures on the 3D space, including the smaller details.
Digital Breast Tomosynthesis has a strong potential to improve the Mammography qualities. It can be considered as a progress to Mammography that currently is the technique of reference for screening and diagnostic of breast diseases. The DBT will probably solve several failures of Mammography as it can be shown in this work.
